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ABSTRACT: Electrospinning is a simple and highly versatile
method for the large-scale fabrication of polymeric nanoﬁbers.
Additives or ﬁllers can also be used to functionalize the
nanoﬁbers for use in speciﬁc applications. Herein, we
demonstrate a novel and eﬃcient way to fabricate superhydrophobic to hydrophilic tunable mats with the combined
use of electrospinning and electrospraying that may be suitable
for mass production on the merits of rapid deposition. The
tunable nanocomposite mats were comprised of hydrophobic
polystyrene nanoﬁbers and hydrophilic titania nanoparticles.
When the electrical conductivity of the electrospinning solution was increased, the surface morphology of the mats changed
noticeably from a bead-on-string structure to an almost bead-free structure. Polystyrene (PS)−titania nanocomposite mats
initially yielded a static water contact angle as high as 140° ± 3°. Subsequently exposing these mats with relatively weak
ultraviolet irradiation (λ = 365 nm, I = 0.6 mW/cm2) for 2 h, the unique 3D suspension of the photoactive titania nanoparticles
maximized the hydrophilic performance of the mats, reducing the static water contact angle to as low as 26° ± 2°. The tunable
mats were characterized by scanning electron microscopy (SEM), static water contact angle (WCA) measurements, and energydispersive X-ray spectroscopy (EDX). Our ﬁndings conﬁrmed that the tunable mats fabricated by the simultaneous
implementation of electrospraying and electrospinning had the most eﬃcient ultraviolet (UV)-driven wettability control in terms
of cost-eﬀectiveness. Well-controlled tunable hydrophobic and hydrophilic mats ﬁnd potential applications in functional textiles,
environmental membranes, biological sensors, scaﬀolds, and transport media.
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changes, solvent exposure, electrical potential, magnetic ﬁeld,
mechanical force, or temperature.9−11 Among the methods
used to control surface wettability, light switching has received
great attention, because of its rapid controllability. Such
wettability tuning is important for a wide range of applications
including low-drag surface modiﬁcation, material protection,
water and air ﬁlters, water harvesting, and biomedical
ﬁlms.12−14 For example, high water adsorption (hydrophilicity)
is needed for water puriﬁcation mats and high water repellency
(hydrophobicity) for protection of biomaterials from corrosion
or infection. Convenience could be best served by a material
with both properties of hydrophilicity and hydrophobicity. A
three-dimensional (3D) structured tunable mat can be used for
applications that require both features of hydrophilicity and
hydrophobicity, such as functional textiles, environmental
membranes, biological sensors, scaﬀolds, and transport
media.15−17
Recently, synthesis of organic−inorganic hybrid materials has
received much attention in material science. Using composite
materials made from the combination of nanosized inorganic
and organic materials can provide advantages over the use of a

1. INTRODUCTION
Electrospinning is a simple, versatile, and cost-eﬀective
technique for fabricating extremely long electrostatic polymer
ﬁbers with diameters ranging from 2 nm to several micrometers, utilizing electrical forces.1,2 Electrospun ﬁlms consisting
of a continuous, nonwoven web of nanoﬁbers usually have high
surface area-to-volume ratio, complex pore structure, and
unique physical and mechanical properties.3 A recent review
article4 thoroughly summarized the electrospinning fabrication
of ﬁbers from various polymeric materials. It correlated various
parameters, including the concentrations of the polymers, the
solvents, and the diﬀerent instrument setups, and also discussed
the theory of superhydrophobicity and self-cleaning. Solid−
liquid interfacial energy can be minimized by modifying surface
chemistry as well as surface roughness.5 Understanding the
complementary roles of surface energy and surface roughness
of natural nonwetting surfaces including numerous plant leaves
especially lotus leaves,6 legs of the water strider,7 and duck
feathers8 has led to the development of several biomimetic
superhydrophobic surfaces, which exhibit static water contact
angles of >150° and lower roll-oﬀ angles. Among these, smart
surfaces with switchable wettability between superhydrophobicity and superhydrophilicity have received much attention for
numerous industrial applications. Wetting properties can be
engineered to external stimuli such as light irradiation, pH
© 2013 American Chemical Society
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Figure 1. Fabrication of titania-decorated nanoﬁber mat via electrospinning polymer solution and electrospraying titania nanoparticles. In the
experiments, the nozzle-to-substrate distances are S1 = 2 cm and S2 = 12 cm; V1 and V2 are the applied voltage; and Q1 and Q2 indicate ﬂow rates for
electrospraying and electrospinning, respectively.

oxygen vacancies, which, in turn, adsorb water molecules at the
defect sites to further promote hydrophilicity. On the other
hand, superhydrophobic surfaces of PS mats with static water
contact angles (WCAs) ranging from 143.8° to 159.5° were
reported by Miyauchi et al.28 However, their electrospun mats
did not have the tunable feature of hydrophilicity. Asmatulu et
al.39 reported electrospun mats decorated with titania nanoparticles which showed superhydrophobicity. However, the
WCA range of their mats was quite limited to ΔWCA < 60°,
which can be improved by properly controlling the process
parameters. In our electrospun mats fabricated by the new
method, the WCA reached as high as 140° ± 3° and after
exposing the mats for 2 h to relatively weak UV irradiation (λ =
365 nm, I = 0.6 mW/cm2), WCA dramatically reduced to 26°
± 2°. The process parameters that yielded the highest range of
ΔWCA (∼115°) were identiﬁed. Our unique installation of
electrospun PS nanoﬁbers and electrosprayed titania nanoparticles yielded a truly 3D structured PS−titania nanocomposite mat, which showed UV-driven superhydrophobicto-hydrophilic conversion. The goal of this work is to show the
high performance, yet easy fabrication, of a 3D tunable mat
consisting of PS nanoﬁbers and titania nanoparticles.

single organic or inorganic material. The incorporation of a
small amount of inorganic nanoparticles, such as titania and
zinc oxide, can improve the wetting, mechanical, thermal,
optical, antimicrobial, antifouling and catalytic properties of a
polymer matrix.18 Various functional materials can be deposited
by physical vapor deposition (PVD) and chemical vapor
deposition (CVD).19 Surface modiﬁcation processes, such as
post-annealing,20 and chemical and plasma etching,21,22 have
been applied to improve the hydrophilicity and/or hydrophobicity of functional ﬁlms. However, these deposition
processes and surface modiﬁcation procedures are often
technically complicated, time-consuming, high energy-consuming, and thus not economically viable. An alternative would be
electrospinning, which is a simple and cost-eﬀective technique
for producing functional mats or membranes whose ﬁber
diameters range from a few nanometers to micrometers.1,2
Speciﬁcations of a mat, such as ﬁber size, porosity, and
morphology, can be controlled by process parameters, such as
deposition time, applied voltage, and nozzle-to-collector
distance,23−25 and by material properties such as polymer
concentration and solvent evaporation rate,26−28 etc. The
outstanding properties and multifunctionality of these mats
make them a promising candidate for applications in tissue
engineering,29,30 dye-sensitized solar cells electrodes,31 microarrays,32 ﬁlms and membrane fabrication,33 textiles,34 fuel
cells,35 and water puriﬁcation ﬁlters.36
In the present work, a superhydrophobic mat with a highly
porous surface structure was obtained from a material of low
surface energy, such as polystyrene (PS). Polystyrene is a
hydrophobic, atmosphere-stable, dielectric, and electrospinable
polymer, which has long been used to prepare superhydrophobic surfaces via electrospinning.37 To make the mat
tunable, hydrophilic material such as titania was electrosprayed
onto the functional mat simultaneously. We chose titania as the
working material to obtain the tunable feature of hydrophilicity38 because titania is inexpensive and abundant,
chemically inert, non-photodegradable, nontoxic, photoinducible by sunlight, manufacturable under atmospheric conditions, and environmentally friendly. Hydrophilicity is
achieved when photosensitive titania is exposed to ultraviolet
(UV) light; photogenerated holes react with (absorbed) water
to produce OH− radicals. This reaction also produces Ti3+ and

2. EXPERIMENTAL SECTION
The fabrication process of a titania-incorporated PS nanoﬁber mat is
shown in Figure 1. Titania nanoparticles (P25, Daegusa, Germany) are
a mixture of 80% anatase and 20% rutile, which are dispersed in
ethanol solution to facilitate their electrospray deposition onto glass
substrates attached to a cylinder rotating at 100−500 rpm. The
amount of titania nanoparticles was purposely set low (0.3 wt %) to
prevent precipitation and aggregation of the particles as much as
possible. No special dispersant was used. Titania nanoparticles were
electrosprayed, starting from the top of the cylinder, while the
nanoﬁbers were electrospun from the side for 5−15 min (cf. Figure 1).
Polystyrene solution (Mw = 192 000, Sigma−Aldrich, 20 wt % PS
pellet dissolved in dimethylformamide, DMF) was horizontally
electrospun onto a rotating cylinder to produce nanoﬁbers. A few
drops of nitric acid were added to the polystyrene solution to promote
the solution’s electrical conductivity without changing the solution’s
viscosity and surface tension. High-strength PS nanoﬁbers were used
to ﬁrmly hold the sprayed titania nanoparticles. The mass percentage
of the TiO2 particles in the nanocomposite mat was ∼22.3%,
considering the mass of TiO2 and PS is 2.49 and 8.7 g per unit area
deposited, respectively.
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Nozzles used for both electrospraying and electrospinning had
diameters of 4 mm and 0.25 mm, respectively. In electrospraying
(noted with ( )1) and electrospinning (noted with ( )2), dc voltages of
V1 = 7 kV and V2 = 9 kV were applied at ﬂow rates of Q1 = 1 mL/h
and Q2 = 0.2 mL/h, respectively (see Figure 1). The nozzle-tosubstrate distances (S1 and S2), which are important process
parameters, were optimized to S1 = 2 cm and S2 = 12 cm, respectively,
to yield uniform distributions of the nanoparticles, which minimized
the agglomeration of the titania nanoparticles. The microstructures of
the titania-incorporated nanoﬁber mats were characterized by highresolution scanning electron microscopy (Hitachi, Model S-5000).
The average ﬁber diameter and the size of the beads were calculated
from SEM images. About 100 ﬁbers and 50 beads were collected to
estimate the ﬁber diameter and the size of the beads. The tunable
wettability of the mats was determined by static water contact angle
(WCA) measurements under relatively weak UV light irradiation (I =
0.6 mW/cm2, λ = 365 nm) in an open air environment. All samples
were kept inside a dark box for 24 h prior to any UV light illumination
test. The maximum UV light illumination time was tUV = 120 min. The
average contact angle value was adopted as the indicator of wettability
by measuring contact angles at ﬁve fresh positions on the same sample.
Regarding the contact angle measurement, all electrospun mats
were kept inside a dark box for two days prior to the contact angle
measurement. Then each mat was illuminated inside a UV light box
for various durations. Afterward, the mat was taken outside the UV
box and then an ultrapure water droplet (20 MΩ resistivity at 20 °C) 2
mm in diameter was placed on the ﬁlm for a snapshot. The time
interval between when a mat were taken out of the UV box and when
the photosnapshot was taken was set to 1 min, to minimize the eﬀect
of the surrounding indoor lights. For increase data reliability, the
average result of three repeated tests was taken as the ﬁnal contact
angle value.
The chemical compositions of the mats were investigated by
energy-dispersive X-ray spectroscopy (EDX) (Horiba, Model EX200). Carbon content was assumed to represent the amount of PS.
The electrical conductivities of the all spinning solutions were
measured using a conductivity meter (Model HI-98360, HANNA
Instruments, USA). The test for each case was repeated three times to
ensure repeatability. All of the electrospun mats from this study were
fabricated with deposition times of 15 min or less without any further
post-treatment.

Figure 2. Eﬀect of drum rotation speed, shown using SEM images of
PS−titania composite ﬁlm: (a) 100 rpm, (b) 300 rpm, and (c) 500
rpm (tdep = 5 min).

3. RESULTS AND DISCUSSION
We observed that the changes in electrical conductivity of the
spinning solution determined the ﬁnal morphology of the PS
nanoﬁbers to yield either bead-on-string or bead-free nanoﬁbers. The photoinduced activity of the titania nanoparticles
contributed to the mat’s hydrophilicity under UV exposure,
while the chemical property and porosity of the electrospun PS
nanoﬁbers contributed to the mat’s hydrophobicity. PS−titania
nanocomposite mats initially provided hydrophobicity because
of the 3D structure of the nanoﬁbers, whose PS itself had low
surface energy. Upon UV exposure, the photoinduced hydrophilicity of the titania nanoparticles dominated40 over the
hydrophobicity of the nanoﬁbers. Thus, these materials (i.e.,
titania and PS) were the sources of two competing mechanisms
inside the tunable mats.
3.1. Surface Morphology of PS−Titania Nanocomposite Mats. In general, the surface of a mat can be modiﬁed by
controlling process parameters such as the precursor’s
thermophysical properties and the operating conditions. The
process parameters determine the appearance or disappearance
of bead-on-string or bead-free nanoﬁbers. The electrical
conductivity of the spinning precursor greatly aﬀected the
bead formation along the nanoﬁbers. When the spinning
solution has low electrical conductivity, capillary-driven
instability dominates, resulting in the formation of beads on

Figure 3. Eﬀect of deposition time, shown using SEM images of PS
nanoﬁbers and titania nanoparticles: (a) tdep = 5 min, (b) tdep = 10 min,
and (c) tdep = 15 min (100 rpm).

nanoﬁbers.41,42 When the polymer solution has higher electrical
conductivity, more charges are delivered to the surface of the
spinning ﬁber. In general, charges smoothly elongate the jet or
ﬁber under the inﬂuence of an electric ﬁeld. Therefore, it seems
natural that more-uniform ﬁbers with less beads are formed
with increasing electrical conductivity of the spinning solution,
1234
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Figure 5. Eﬀect of cylinder rotation speed on the weight percent ratio
of polystyrene to titania: (a) K = 1.21 μS/cm and (b) K = 20.0 μS/cm
(tdep = 5 min).

Figure 4. Water contact angle (WCA) of the mat, as a function of UV
light illumination time, for various cylinder rotation speeds. (tdep = 5
min): (a) K = 1.21 μS/cm (WCA = 97° for PS nanoﬁber mat) and (b)
K = 20.0 μS/cm (WCA = 167° for PS nanoﬁber mat).

Figure 2). The columnar jet of the highly conductive polymeric
solution was stretched due to the repulsion of the excessive
charges distributed on the jet surface, thereby preventing
capillary instability, which would have formed beads. Thus,
increased conductivity of the spinning solution produces beadfree ﬁbers that are uniform and thin. 43,44 Uyar and
Besenbacher45 also reported the formation of bead-free ﬁbers
with the use of PS in DMF solution whose electrical
conductivity was varied from 1.1 μS/cm to 7.3 μS/cm. In our
case, the higher electrical conductivity (K = 20.0 μS/cm) of the
spinning solution increased the charge density of the polymer
solution, and this charge density increase led to greater
repulsion and greater bending instability during electrospinning; as a result, the electrospun ﬁbers were stretched
into thinner ﬁbers and the beads were nearly eliminated.
A drum rotation speed did not seem to have prominent
inﬂuence on surface morphology, as depicted in Figure 2.
However, Figure 3 shows that deposition time (tdep) did have a
prominent inﬂuence on surface morphology since more beads
and nanoﬁbers were deposited onto the substrate with
increasing tdep. For the lower electrical conductivity (K = 1.21
μS/cm) of the spinning solution, the number density of the
beads and nanoﬁbers, of course, increased as tdep increased from
5 min to 15 min at a ﬁxed 100 rpm. The bead size (4−5 μm),
and the ﬁber diameter (250−350 nm) remained nearly the
same with increasing tdep, because they are controlled by the
electrical conductivity of the spinning solution. However, for
the high electrical conductivity (K = 20.0 μS/cm) case, the
beads disappeared and nearly bead-free nanoﬁbers (diameter in

as shown in Figure 2. The microstructural images of PS−titania
nanocomposite mats obtained at diﬀerent electrical conductivities (i.e., K = 1.21 and 20.0 μS/cm) and various cylinder
rotating speeds (i.e., 100, 300, and 500 rpm) at ﬁxed deposition
time (tdep = 5 min) are shown in Figure 2.
The surface morphology changed from the bead-on-string to
nearly bead-free nanoﬁbers when the conductivity of the
spinning solution increased. The number and size of the beads
were greatly reduced when the electrical conductivity increased.
In both low and high electrical conductivity cases of the
spinning solution, aggregates of titania nanoparticles were
entrapped in the pores of the PS nanoﬁbers; see insets of Figure
2a−c. Some titania nanoparticles were physically attached onto
the peripheries or surfaces of the PS nanoﬁbers.
For the lower electrical conductivity (K = 1.21 μS/cm) of the
spinning solution, bead-on-string nanoﬁbers were observed.
The bead size ranged from 4 μm to 5 μm, and the nanoﬁber
diameter ranged from 250 nm to 350 nm for all drum rotation
speeds (Figure 2, left column). When the electrical conductivity
of the spinning solution was increased to 20.0 μS/cm, most of
the beads were removed at all drum rotation speeds (compare
the left and right images in Figure 2). In addition, the number
density and the diameter of the nanoﬁbers had also markedly
increased. Nanoﬁbers with diameters in the range of 400−550
nm and few beads were observed (see the right column in
1235
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Figure 7. Eﬀect of deposition time on the weight percent ratio of
polystyrene to titania: (a) K = 1.21 μS/cm and (b) K = 20.0 μS/cm
(100 rpm).

Figure 6. Water contact angle (WCA) of the mat, as a function of UV
light illumination time (tUV), for various tdep (100 rpm): (a) K = 1.21
μS/cm (WCA = 97° for PS nanoﬁber mat) and (b) K = 20.0 μS/cm
(WCA = 167° for PS nanoﬁber mat).

adhesion strength. In general, nanoﬁbers without beads are less
hydrophobic and lead to low WCAs or very large roll-oﬀ
angles,47 as compared to nanoﬁbers with beads. Eﬀorts have
been made to maintain both superhydrophobicity and superior
mechanical strength by modifying the surface structure.48
It is still a challenge to produce a bead-free superhydrophobic
nanoﬁber mat or a bead-free membrane having a high WCA
and a low roll-oﬀ angle. We aim to overcome this challenge in
this study. The bead-on-string PS nanoﬁber structure that
resulted from the low electrical conductivity (K = 1.21 μS/cm)
of the spinning solution without titania nanoparticles showed a
WCA of ∼97° ± 3°, whereas the bead-free PS nanoﬁber
structure from the high electrical conductivity (K = 20.0 μS/
cm) of the spinning solution without titania nanoparticles
showed WCA ≈ 167° ± 2° (see an inset in Figure 1). In the
bead-on-string nanoﬁber structure, irregularly sized beads were
randomly distributed in low density.49 As a result, the air
pockets between the beads were too sparse and not uniform;
thus, the ideal Cassie−Baxter hydrophobic state could not be
realized. Instead, these sparse and nonuniform air pockets
operate to absorb water, thereby resulting in the Wenzel state
of a moderate water contact angle of WCA ≈ 97° ± 3°, which
was slightly higher than that of the spin-coated smooth PS ﬁlm
(∼93°) in ref 49. Conversely, a surface of “bead-free” nanoﬁber
structure maintained the air pockets between uniform nanoﬁbers, resulting in the Cassie−Baxter state. If suﬃcient beads
had been formed, it would also have resulted in superhydrophobicity, just as other previous studies had shown.46

the range of 400−850 nm) were obtained. The number density
of the nanoﬁbers increased as tdep increased. More nanoﬁbers
may not be desirable for tuning of hydrophobicity and
hydrophilicity as they may hinder the photoinduced activity
of the titania nanoparticles. Figure 3 also shows that the titania
nanoparticles were entrapped in the pores and they were
physically adsorbed onto the PS nanoﬁbers for all deposition
times (5 min ≤ tdep ≤ 15 min).
3.2. Eﬀect of Drum Rotation Speed and UV Irradiation
on WCA. Water contact angle (WCA) is a common measure of
hydrophobicity. The WCA strongly depends on surface
chemical composition, as well as surface roughness. Figure 4
compares the WCA of a PS−titania nanocomposite mat for
various drum rotation speeds (100, 300, and 500 rpm) and
ﬁxed deposition time (tdep = 5 min) and the change of WCA for
diﬀerent UV irradiation time (tUV). The eﬀect of electrical
conductivity (the eﬀect of bead-on-string or bead-free nanoﬁber
structure on WCA) is shown in the comparison between Figure
4a and 4b.
Thinner ﬁbers and higher number densities of beads improve
superhydrophobicity,46 because of the air pockets densely
populated between the beads, which lead to water drops in the
Cassie−Baxter state. Even though the beaded ﬁbers promote
superhydrophobicity, in practice, they are not desirable because
of their poor mechanical properties, such as their yield and
1236
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Table 1. Comparisons for the Fabrication Methods and Their WCA Tunability Performance
method
54

Lee et al.
Zhang et al.55
Jin et al.40
present
a

MOCVD
dip coating and plasma etching
UV/ozone treatment and liquid-phase deposition
electrospraying and electrospinning

fabrication materiala

time

TiO2
TiO2 (ODP-modiﬁed)
TiO2
TiO2 and PS ﬁber

b

NA
>2 days
8h
5 min

WCA

tUV (min)

UV intensity (W/cm2)

→
→
→
→

100
240
180
120

10
1.0
25
0.6

75°
166°
130°
140°

0°
0°
10°
26°

ODP = octadecylphosphonic acid; PS = polystyrene. bNA = not available.

of the spinning solution provide larger ΔWCAs (which is the
absolute WCA diﬀerence between tUV = 0 and tUV = 60 min),
which allowed more tunability between hydrophilicity and
hydrophobicity. In the case of the PS−titania composite mats
fabricated at K = 1.21 μS/cm, the largest ΔWCA (∼72° ± 4°)
was obtained at 300 rpm (Figure 4a). In Figure 4b, the
composite mats fabricated at K = 20 μS/cm showed the largest
ΔWCA (∼101° ± 3°) at 300 rpm, which was thus considered
optimal. Also, the sharpest WCA change was observed for the
300 rpm case; this mat became more quickly hydrophilic than
the others, indicating a relatively larger content of titania
nanoparticles.
To conﬁrm the larger content of titania nanoparticles for the
300 rpm case, we measured the atomic weight percentages of
carbon (which is an indication of nanoﬁber amount) and
titanium (which is an indication of titania amount), using
energy-dispersive X-ray spectroscopy (EDX). Figure 5
compares the weight percentages of carbon and titanium. For
K = 20.0 μS/cm (which corresponds to Figure 4b with few
beads), the relative titanium amount is the largest, as expected.
For K = 1.21 μS/cm (which corresponds to Figure 4a with
numerous beads), the smallest WCA is seen for the 500 rpm
case, while the largest ΔWCA is seen for the 300 rpm case.
Thus, the titanium amount is the largest at 500 rpm, as also
conﬁrmed by the EDX data from Figure 5.
3.3. Eﬀect of tdep and Beads on WCA. With increasing
deposition time (tdep), more PS nanoﬁbers and titania
nanoparticles were deposited. It is natural to assume that
large amounts of both materials would enhance the tunability
between hydrophobicity and hydrophilicity upon UV irradiation. Surprisingly, Figure 6 shows that this trend is exactly the
opposite; the larger the tdep value, the lesser the tunability (i.e.,
small ΔWCA) for both K = 1.21 and 20 μS/cm. For K = 1.21
μS/cm with numerous beads, as shown in Figure 6a, the
hydrophobicity of the nanoﬁbers was substantially reduced with
increasing tdep, because of the excessive beads (which gives
nonuniform ﬁbers). In addition, hydrophilicity began to
dominate with the excessive titania nanoparticles, as conﬁrmed
by Figure 7, indicating the increasing titanium content with tdep.
As a result, WCAs with tdep = 10 and 15 min were relatively low
and their WCA variances were small upon UV irradiation. Only
the mat with tdep = 5 min seemed to maintain its tunability as its
WCA varied from 93° ± 4° to 40° ± 3° after tUV = 60 min. For
K = 20.0 μS/cm, from Figure 6b, initial hydrophobicity was
retained because of the disappearance of the beads; the air
trapped in the pores between the nanoﬁbers (see Figures 3a−c)
managed to yield a similar hydrophobic surface in the WCA
range of ∼130°−140°. However, with increasing tUV, the mats
coated for tdep ≥ 10 min did not seem to have eﬃcient
tunability as their WCA variances remained within ΔWCA
value of < 20°. Only the mat coated for tdep = 5 min yielded
tunability between hydrophilicty and hydrophobicity as the
WCA changed from 140° ± 3° to 26° ± 3° (ΔWCA ≈ 115°).
This tunability for tdep = 5 min was possible not only because of

However, our bead-free superhydrophobic mat is preferred to
the “bead-suﬃcient” superhydrophobic mat, with respect to
mechanical stability and reliability.
In the previous section, the PS−titania composite mat that
was fabricated from the spinning solution of the lower electrical
conductivity (K = 1.21 μS/cm) was comprised of numerous
beads, because of strong capillary instability. These “poorly
populated” beads work against hydrophobicity and has a strong
inﬂuence on WCA, as shown in Figure 4a; the initial WCA
values (tUV = 0) remain in the range of 67° < WCA < 93° for all
cylinder rotation speeds. However, at the higher electrical
conductivity (see Figure 4b for K = 20.0 μS/cm), the initial
WCA values (tUV = 0) lie in the range of 117° < WCA < 140°
for all cylinder rotation speeds.
At the higher electrical conductivity, the nanoﬁbers were
more uniform with few beads; this promoted hydrophobicity,
because of the air trapped between the uniform pores and the
increased interfacial area between the PS−titania composite
mat and a water drop. At the lower electrical conductivity, the
bulk of PS materials was consumed to form beads rather than
cylindrical nanoﬁbers, so the interfacial area was reduced.
The equilibrium WCA (∼167° ± 2°, the nanoﬁber
comprised of PS only) had dramatically decreased to ∼140°
± 3° after incorporating the titania nanoparticles in the PS
nanoﬁber matrix; this decrease indicated a transient from the
stable to the metastable Cassie−Baxter state. Titania nanoparticles are hydrophilic in nature, even without UV.50 They
can physically and chemically absorb water molecules to reduce
WCA.
Contact angle variation is critical in increasing applications
that utilize superhydrophobicity or superhydrophilicity. We
measured the contact angle variation with time to characterize
the durability of our coating.51−53 To analyze the deterioration
of the hydrophobic state, we used deionized water as the test
liquid. The total time necessary for equilibrating the initial
shape of a water drop on a surface did not exceed milliseconds,
which is herein referred to as the “initial wetting angle”, which
we measured to be within 2 s after the deposition of the water
drop. The error of WCA measurement was within ±1° for all
angles measured on the surface. The PS nanoﬁber retained its
superhydrophobicity for (∼167° ± 2°) more than 24 h. On the
other hand, the WCA on the PS−titania nanocomposite surface
decreased gradually from 140° ± 3° to 28° ± 1° after 10 h of
continuous contact with water and it remained at 28° ± 1°. In
the latter case, the gradual decrease in WCA was due to the
slow but steady interaction of the water molecules with the
physically adsorbed titania nanoparticles on and inside the PS
nanoﬁber matrix.
As the UV light exposure time (tUV) was increased,
photoinduced hydrophilicity occurred, because of the entrapped titania nanoparticles in the PS nanoﬁber matrix and,
thus, WCA was reduced for all cases. In the comparison
between Figures 4a and 4b, it is observed that the PS−titania
composite mats fabricated at the higher electrical conductivity
1237
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the suﬃcient and uniform air-pockets from the nanoﬁbers, but
also because of the suﬃcient titanium content, as shown by the
EDX data from Figure 7. This result suggests that there is an
optimal deposition time that yields the optimal mixture of
nanoﬁbers and titania nanoparticles to give the targeted
tunability between hydrophobicity and hydrophilicity.
Table 1 compares the various methods used for the
fabrication of hydrophobic−hydrophlilic tunable ﬁlms. The
fabrication time of our ﬁlm was 5 min, which was signiﬁcantly
shorter than the fabrication time required by other methods
(i.e., 8 h or 2 days). In addition, even under the weakest UV
intensity (I = 0.6 W/cm2), our ﬁlms yielded a ΔWCA value of
115,° which, by far, indicated the most eﬃcient tunability
among the cases, compared in Table 1. Furthermore, this rapid
coating process within 5 min fabrication time by electrospraying and electrospinning provided an important route to
the realization of low-cost, high- performance, tunable ﬁlms for
antisticking and self-cleaning applications.
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4. CONCLUSION
To obtain a functional mat with tunable wettability, a novel
three-dimensional (3D) surface structure was utilized to
incorporate titania nanoparticles between polystyrene nanoﬁbers. The low surface energy of the polystyrene (PS)
nanoﬁbers and the photocatalytic property by the titania
nanoparticles provided eﬃcient switching between superhydrophobicity to hydrophilicity for the PS−titania nanocomposite mat. As a result, the maximum limit and the gradual
transient of the water contact angle (WCA), as a function of
ultraviolet (UV) light illumination time, were successfully
obtained. Furthermore, the eﬀects of fabrication parameters,
such as the cylinder rotation speed, deposition time, and
electrical conductivity of the spinning solution, were also
investigated. High electrical conductivity of the spinning
solution resulted in bead-free PS nanoﬁbers, which are desirable
for retaining hydrophobicity. The optimal rotation speed was
∼300 rpm for the K = 20 μS/cm case, even though its eﬀect did
not seem as important as the other parameters. The deposition
time (tdep) was an important factor determining the optimal
mixture of PS nanoﬁbers and titania nanoparticles. We
conclude that a PS−titania composite fabricated by electrospraying and electrospinning is an ideal material for industrial
applications that require switchable wettability between hydrophobicity and hydrophilicity.
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